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Abstract 15 
The soundscape of the marine environment is a relatively understudied area of ecology that has 16 
the potential to provide large amounts of information on biodiversity, reproductive behaviour, 17 
habitat selection, spawning and predator-prey interactions. Biodiversity is often visually assessed 18 
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and used as a proxy for ecosystem health. Visual assessment using divers or remote video 19 
methods can be expensive, and limited to times of good weather and water visibility. Previous 20 
studies have concluded that acoustic measures, such as the Acoustic Complexity Index (ACI), 21 
correlate with visual biodiversity estimates and offer an alternative to assess ecosystem health. 22 
Here, the ACI measured over 5 years in a Marine Protected Area (MPA) in the UK, Lyme Bay, 23 
was analysed alongside another monitoring method, Baited Remote Underwater Video Systems 24 
(BRUVs). Two treatments were sampled annually in the summer from 2014 until 2018 with sites 25 
inside the MPA, as well as Open Control sites outside of the MPA.  26 
Year by year correlations, which have been used elsewhere to test ACI, showed significant 27 
correlations with Number of Species and ACI. However, the sign of these correlations changed 28 
almost yearly, showing that more in-depth analyses are needed.  29 
Multivariate analysis of the benthic assemblage composition (from BRUVs) was carried out by 30 
Permutational Multivariate Analysis of Variance (PERMANOVA) using Distance Matrices. 31 
Although not consistently correlating with univariate measures, the ACI was significantly 32 
interacting with the changing benthic assemblage composition, as it changed over time and 33 
protection (Inside vs Outside the MPA).  34 
ACI showed potential to allude to shifting benthic communities, yet with no consistency when 35 
used alongside univariate measures of diversity. Although it is not without its own disadvantages, 36 
and thus should be developed further before implementation, the ACI could potentially reflect 37 
more complex changes to the benthos than simply the overall diversity.   38 
Keywords: Acoustic Complexity Index, Biodiversity, Marine Protected Area, Monitoring Tools 39 
1. Introduction 40 
Biodiversity provides a useful measure to assess ecosystem health (Worm et al., 2006), and is 41 
increasingly being used for conservation and monitoring purposes, with an observed decrease used as 42 
a proxy for a degraded or negatively impacted ecosystem (Wabnitz et al., 2018). To quantify and 43 
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compare these changes in diversity, many univariate indices have been produced, which simplify an 44 
assemblage of taxa into a single value. The most commonly used indices involve integrating the 45 
number of species present with measures of how the species are distributed within the assemblages, 46 
such as Number of Species (Kaplan et al., 2015; Pieretti and Farina, 2013; Sheehan et al., 2013b), 47 
Shannon-Wiener’s diversity index (De-La-Ossa-Carretero et al., 2012), Simpson’s diversity index 48 
(Miralles et al., 2016; Rombouts et al., 2019) and taxonomic distinctness (Clarke and Warwick, 2001; 49 
Leonard et al., 2006), which also involves phylogenetic distance.  50 
Historic methods for assessing marine biodiversity have often used destructive practices (Francour, 51 
1994; Lipej et al., 2003), such as poisoning (Diamant et al., 1986) or trawling (Cappo et al., 2004). 52 
However, for the study of recovering and fragile benthic systems, such as those in Marine Protected 53 
Areas (MPAs), non-invasive, non-extractive methods such as Underwater Visual Census (UVC) or 54 
Underwater Video Survey (UVS) are considered more appropriate (Sheehan et al., 2013a, 2010). 55 
Visual methods will always have the drawback that there is no physical sample taken, although image 56 
libraries give a permanent record, and thus those species that are harder to identify visually will 57 
always be under-sampled; yet this lack of physical sample means the populations being researched are 58 
almost or completely unaffected by the survey taken. A potential addition to supplement visual survey 59 
would be the assessment of the marine soundscape (Staaterman et al., 2017). This method for 60 
sampling the marine environment is similarly non-extractive and non-invasive, while sampling 61 
components of the ecosystem potentially under-represented by visual methods alone.  62 
The marine soundscape comprises both natural and anthropogenic elements. Assessment of the 63 
biological element (biophony) of the marine soundscape has been used to describe overall biodiversity 64 
(Bertucci et al., 2016), reproductive behaviour (de Jong et al., 2018), habitat selection (Vermeij et al., 65 
2010), spawning (Casaretto et al., 2014; Hawkins and Amorim, 2000) and predator-prey interactions 66 
(Bernasconi et al., 2011; Giorli et al., 2016). Biophony is produced by a wide range of taxa ranging 67 
from large cetaceans producing low frequency (~20Hz) calls or songs (Samaran et al., 2013), that can 68 
be detected up to thousands of kilometres away (Rivers, 1997), to crustaceans creating loud (190 dB 69 
re 1 µPa), broadband (2kHz up to 300kHz ) ‘snaps’ and ‘pops’ (Picciulin et al., 2013). 70 
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Acoustic indices have been developed and utilised in marine (Gordon et al., 2018; Harris et al., 2016; 71 
Nedelec et al., 2015; Pieretti et al., 2017; Trenkel et al., 2011) and terrestrial (Farina and Pieretti, 72 
2014; Merchant et al., 2015; Pieretti et al., 2015, 2011; Pijanowski et al., 2011; Sueur et al., 2008b) 73 
environments to assess whole ecosystem biodiversity. The use of these acoustic indices is perceived to 74 
allow hidden or shy species, overlooked by other survey methods, to be accounted for (Staaterman et 75 
al., 2017). The ACI as set out in Pieretti et al. (2011) quantifies the relative change in sound intensity 76 
across all frequencies of a soundscape, while being minimally affected by constant anthropogenic 77 
noise. The ACI was developed on the assumption that with increased diversity of species, there would 78 
be an increase in the complexity of biological sound produced. So far, most analyses of ACI have 79 
shown a positive correlation with a variety of biodiversity indices (Bertucci et al., 2016; Harris et al., 80 
2016; Meyer et al., 2018; Pieretti et al., 2015, 2011). 81 
The  two survey methods, visual and acoustic, are thought to complement each other by overlapping, 82 
as well as covering differing spatial scales and taxonomic groups (Staaterman et al., 2017). However, 83 
the majority of studies to date regarding this interaction have been based either in areas of very high 84 
biodiversity, such as coral reef systems (Bertucci et al., 2016; Kaplan et al., 2015), or only focused on 85 
fish diversity (Harris et al., 2016). As such, the transferability to other habitats and ecosystems is 86 
limited. 87 
This study assessed the suitability of the ACI index derived from using acoustic recording as a 88 
monitoring method and to explore its relationship with seabed biodiversity. As such, a 5 year study 89 
within a recovering temperate reef seabed ecosystem was undertaken, in which were protected areas 90 
and those open to bottom fishing.   91 
It was expected that the ACI and two visual biodiversity indices, Number of Species and Shannon’s 92 
Diversity Index, derived from Baited Remote Underwater Video systems (BRUVs) data (‘visual 93 
biodiversity indices’ from now on), would increase over time in the MPA relative to the areas that 94 
continue to be fished. As a recovering system it would be predicted that the interaction of time and 95 
treatment would be significant. Therefore, the following hypotheses were assessed for inside vs 96 
outside the MPA:  97 
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1. The ACI would increase over time,  98 
2. The visual biodiversity indices would increase over time, 99 
3. The visual biodiversity indices and the ACI would correlate with each other over time,  100 
4. Changes in the mobile benthic assemblage composition would result in similar changes to the 101 
ACI. 102 
2. Methods 103 
2.1 Study Location 104 
Lyme Bay (Fig. 1), is located on the south coast of England, and contains areas of rocky reef habitat 105 
known to include nationally important fragile reef building species (Hiscock and Breckels, 2007). A 106 
Statutory Instrument (SI), a type of MPA, was established in 2008 in Lyme Bay. The SI excluded all 107 
towed demersal fishing equipment (scallop dredging and trawling) from a 206 km2 area of the bay.  108 
Experimental site selection was based on similar biotope classifications to negate any confounding 109 
effects of habitat heterogeneity (Claudet et al., 2008), with all sites being on either hard or ‘mixed’ 110 
substrate at similar depths (Sheehan et al., 2013b; Stevens et al., 2014). There were two treatments: 111 
Inside the MPA (n=12) and Outside the MPA (n=6). Geographically similar pairs of sites were 112 
grouped into ‘Areas’.  113 
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In the winter of 2013/2014, the south coast of the UK experienced severe and unprecedented storm 114 
activity that was observed to have major impacts on South West England’s coastal systems 115 
(Masselink et al., 2016). The effect to both the protected and non-protected ecosystems provided an 116 
opportunity to start a new monitoring strategy. This incorporated acoustic recording and assessment 117 
of the marine soundscape inside and outside of the MPA alongside visual measures of the seabed 118 
assemblage and allowed the assessment of the emerging acoustic analyses. 119 
2.2 Data Collection 120 
2.2.1 Acoustic Recorder Deployment  121 
At each site, an acoustic recorder was attached and deployed with one of the three replicate BRUVs 122 
(Fig. 2). The acoustic recorders used were low power Digital SpectroGrams (DSG) (Hydrophone 123 
Calibration Sensitivity=-190dBV/uPa, Sample rate=50 kHz, Decimation Factor=4, System Gain=20, 124 
Effective Sample Range=0-25 kHz; Loggerhead Instruments, Sarasota, FL, USA), which were used to 125 
record DSG files on a duty cycle of 16 seconds recorded every 2 minutes to conserve battery life. The 126 
recorders were attached to one BRUVs for every site, to sample identical locations (Fig. 2), but, as 127 
 
Fig. 1. Map of the UK inlaid in a map of Lyme Bay, showing site locations and their treatments (Blue Cross: Marine 
Protected Area, Red Circle: Open Control). Dark blue line shows the Statutory Instrument and light blue lines show 10m 
depth contours. 
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DSG acoustic recorders sample a larger area (Simard et al., 2015) than the BRUVs maximum 128 
effective range of attraction (AR) (Cappo et al., 2004), single acoustic recordings were used across the 129 
three BRUVs replicates (Fig. S1). 130 
 
Fig. 2. Sampling design for BRUVs and Acoustic Recorders. 
2.2.2 Acoustic File Extraction 131 
For each deployment, audio recordings were prepared to ~360 second WAV format files, equating to 132 
45 minutes, to align with the recorded BRUVs. Auditory and visual examinations were then used to 133 
remove any sporadic dominant anthropogenic interference using ‘seewave’ package in R (Sueur et al., 134 
2008a). For each deployment Acoustic Complexity Index (ACI)( Pieretti et al., 2011) was calculated, 135 
using the R packages ‘tuneR’ and ‘seewave’ (Ligges et al., 2016; Sueur et al., 2008a).  136 
2.2.3 Acoustic Complexity Index 137 
Originally developed to analyse terrestrial avian communities, the  Acoustic Complexity Index (ACI) 138 
quantifies the change in adjacent spectrogram intensities for all temporal steps and frequency bins of a 139 
recording (Pieretti et al., 2011). Firstly, sound files were split into frequency bins and temporal steps. 140 
The change in adjacent intensities are then summed across these frequency bins and temporal steps. 141 
Thus, high ACI values are produced by large variations in sound intensity across many frequencies 142 
and times, whereas constant levels of similar intensity, such as most anthropogenic sources (e.g. boat 143 
engine), will produce low values of ACI (Bertucci et al., 2016). 144 
ACI was chosen for the current study since the hydrophones used were encased in resin and could not 145 
be calibrated, which is a necessary requirement for calculating amplitude. As such, the acoustic files 146 
created could not be analysed with other popular acoustic measures which rely on amplitude, such as 147 
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Acoustic Entropy, Acoustic Richness, Root Mean Square or Sound Pressure Level (Picciulin et al., 148 
2013; Sueur et al., 2008b).  149 
  2.3 Baited Remote Underwater Video Systems  150 
Baited Remote Underwater Video systems (BRUVs) are a non-destructive method for sampling 151 
mobile communities (Babcock et al., 1999; Heagney et al., 2007). Three replicate BRUVs were 152 
deployed at each site (Fig. 2) for 45 minutes then recovered. Specifications of equipment are 153 
described in Bicknell et al., (2019). 154 
2.3.1 Video analysis 155 
After a preliminary settling period of 5 minutes, 30 minutes of video were analysed in 1 minute 156 
segments. For each segment all mobile benthic organisms were identified and recorded. All organisms 157 
were identified to the highest taxonomic resolution possible. Abundance (MaxN) was calculated for 158 
each species from the maximum number of individuals of each species observed across all of the 30 159 
minute segments.  160 
2.4 Statistical Analysis 161 
Permutational Analysis of Variance (PERMANOVA) was used to test differences in between years 162 
and treatments for the ACI, Shannon’s Diversity Index, Number of Species and the assemblage 163 
composition. Year and Treatment were fixed factors with five and two levels respectively (Year: 164 
2014, 2015, 2016, 2017 and 2018; Treatment: MPA and Open Control) using Primer v7 and 165 
PERMANOVA+ (Anderson et al., 2008; Clarke and Gorley, 2015). The assemblage composition 166 
analysis also included a random factor Area, which was nested inside Treatment (MPA=6 areas, 167 
OC=3 areas). PERMANOVA was chosen as it is robust to unbalanced designs (Sheehan et al., 168 
2013b). For Shannon’s Index, Number of Species and assemblage composition, the ACI was included 169 
as a covariate. The statistical significance of the variance components were tested using 9999 170 
permutations under a reduced model (Anderson, 2001; Anderson and ter Braak, 2002). The analyses 171 
of the ACI and the two visual biodiversity indices were undertaken on the basis of a Euclidean 172 
distance matrix calculated from the Index values (Anderson and Millar, 2004). The assemblage 173 
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composition analysis was based on a Bray-Curtis dissimilarity matrix calculated from dispersion 174 
weighted, fourth root transformed abundance data. Significant interactions (p<0.05) of fixed terms 175 
were tested using PERMANOVA pairwise tests.  176 
To assess correlations between visual biodiversity measures and the ACI, scatter plots were created 177 
with Pearson correlations showing R values and significance (p<0.05). Assemblage composition was 178 
visualised using non-metric Multi-Dimensional Scaling (nMDS: Clarke and Gorley, 2015).  179 
3. Results 180 
3.1 Acoustic Complexity Index 181 
The interaction between year and treatment was significant for the ACI (Table 1: Pseudo-F=2.6766, 182 
p=0.0351). This significant interaction shows that there is a combined effect of year and treatment. 183 
The MPA was more acoustically complex than Open Controls (OC) in 2014 and 2018 (Table 1; 2014: 184 
p=0.009; 2018: p=0.0288), whereas the OC group was more complex in 2016 (Fig. 3A, Table 1; 185 
2016: p=0.0218). Overall across all years, mean ACI was lower inside the MPA (1.4% lower than 186 
outside: Fig. 3A). 187 
Table 1 Results table of PERMANOVA analysis of Euclidean distances assessing Acoustic Complexity Index with Year and 188 
Treatment as interactions and Pairwise comparisons of yearly differences between Treatments for the ACI. (Bold p values 189 
denotes significance, *: p<0.05, **: p<0.01, ***: p<0.001). 190 
 PERMANOVA Pairwise Comparisons 
Source df MS Pseudo-F p Year 
MPA vs OC 
t p 
Year 4 849.5 8.6736 0.0001*** 2014 2.7956 0.009** 
Treatment 1 255.76 2.6113 0.1117 2015 0.33271 0.9741 
Year x 
Treatment 
4 262.15 2.6766 0.0351* 
2016 2.3627 0.0218* 
2017 1.6034 0.1182 
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 191 
3.2 Visual Biodiversity Indices 192 
Both indices of diversity (Shannon’s Diversity Index and Number of Species) were greater on average 193 
inside vs outside the MPA, with a mean percentage difference from outside to inside of: 20.0% for 194 
Shannon’s and 8.4% for Number of Species (Fig. 3B & 3C).  195 
When all diversity indices, both acoustic and visual biodiversity, are analysed by year within 196 
treatment, there is no significant trend with year displayed by the ACI, either inside or outside the 197 
MPA (Fig. 4, Inside: R=0.14, p>0.05; Outside R=0.18, p>0.05).  However, Number of Species 198 
significantly increased with time both inside and outside the MPA (Fig. 4: Inside: R=0.36, p<0.0001, 199 
Outside: R=0.32, p=0.02). Outside the MPA, Shannon’s index shows no significant trend with time 200 
and has a small significant increase with time inside the MPA (Fig. 4: Inside: R=0.21, p=0.017; 201 
Outside: R=5.7x10-4, p>0.05).  202 
 
 
Residual 168 97.941   2018 2.2848 0.0288* 
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Fig. 3. Mean ± SE Acoustic Complexity (A), Number of Species (B) and Shannon’s Diversity (C) Inside (Filled Blue) and 
Outside the MPA (Unfilled Red) across all years.  
 
Fig. 4. Scatter plot with Pearson correlation coefficient for Year against Acoustic Complexity Index (top), Number of 
Species (middle) and Shannon’s Diversity Index (bottom) split by treatment (Inside: blue and left, Outside: red and right). 
Includes R values and significance shown by ns: p>0.05,*: p<0.05, **: p<0.01, ***: p<0.001. Shading around 
regression line shows 95% confidence interval. 
3.3 Relationship between Visual Biodiversity and Acoustic Complexity 203 
Shannon’s Index was greater in the MPA than the Open Controls but the relationship with Year was 204 
marginally non-significant (Table 2; Treatment: Pseudo-F=10.726, p=0.0013; Year: Pseudo-205 
F=2.3123, p=0.0564).  For  the Number of Species there was a significant interaction between the 206 
Year and the ACI (Pseudo-F=6.4837, p=0.0002) as well as ACI and Treatment (Pseudo-F=6.1875, 207 
p=0.0157). This shows that, although not correlating with Number of Species, the ACI is interacting 208 
when the factors Year and Treatment are introduced. However, this is not significant for the Year x 209 
Treatment interaction.  210 
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Table 2. Results table of PERMANOVA analysis on Euclidean distance assessing Shannon’s Diversity Index (A) and Number 211 
of Species (B) with Year and Treatment as interactions and ACI as a covariate. (Bold p values denotes significance, *: 212 
p<0.05, **: p<0.01, ***: p<0.001).   213 
 214 
Neither Number of Species nor Shannon’s Index correlated with the ACI when compared across all 215 
the years and treatments (Fig. 5; Shannon’s Index: R=-0.37, p>0.05 and Number of Species: R=-216 
0.067, p>0.05). However, within each year, Number of Species did correlate with ACI with the 217 
exception of 2016. However, the orientation of this correlation was inconsistent; it was positive for 218 
2014 and 2018, and negative for 2015 and 2017 (Fig. 6; Positive- 2014: R=0.36, p=0.041; 2018: 219 
R=0.4, p=0.041; Negative- 2015: R=-0.42, p=0.017; 2017: R=-0.57, p<0.001).  In contrast, Shannon’s 220 
Index correlated with ACI in only 2017; this correlation was negative (Fig. 6; 2017: R=-0.4, p=0.017). 221 
  Shannon’s Diversity Index Number of Species 
Source df MS Pseudo-F p MS Pseudo-F p 
ACI 1 0.17249 0.89629 0.3526 1.5537 0.34091 0.5553 
Year 4 0.445 2.3123 0.0564 53.05 11.64 0.0001*** 
Treatment 1 2.0641 10.726 0.0013 ** 6.3986 1.4039 0.2415 
ACI x Year 4 0.30352 1.5771 0.1812 29.55 6.4837 0.0002** 
ACI x 
Treatment 
1 0.21135 1.0982 0.2936 28.2 6.1875 0.0157* 
Year x 
Treatment 
4 0.25056 1.3019 0.2712 10.249 2.2487 0.0635 
ACI x Year x 
Treatment 
4 0.27228 1.4148 0.2248 5.133 1.1262 0.3408 
Residuals 158 0.19245   4.5576   




Fig. 5 Scatter plot with Pearson correlation coefficient for Acoustic Complexity against Number of Species (above) and 
Shannon’s Diversity Index (below). R values are shown and significance shown by ns: p>0.05,*: p<0.05, **: p<0.01, 
***: p<0.001. Shading around regression line shows 95% confidence interval. 
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Fig. 6. Scatter plot with Pearson correlation coefficient for Number of Species (left) and Shannon’s Diversity Index 
(right) against Acoustic Complexity Index. R values are shown and significance shown by ns: p>0.05,*: p<0.05, **: 
p<0.01, ***: p<0.001. Shading around regression line shows 95% confidence interval. 
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3.4 Mobile Benthic Assemblage Composition 223 
The assemblage compositions of the two treatments diverged with increasing time with the two 224 
treatments changing at different rates (Fig. 7; Table 3: ACI x Year x Treatment: Pseudo-F: 1.7682, 225 
p=0.0482). Pearson correlation of more than 0.85 showed the reptant decapod crustaceans Inachus 226 
spp. and Pagurus spp. were most important to the Open Control composition (Fig.7), whereas, the 227 
species most important for the MPA assemblage were the wrasse species Labrus mixtus, Labrus 228 
bergylta and Ctenolabrus rupestris (Fig. 7).  229 
 
 
Fig. 7. Non-Metric Multidimensional Scaling plot of distance to centroids split by Year and Treatment from adjusted 
Bray-Curtis similarity of fourth root transformed abundance data. Points are labelled by Year and coloured by treatment 
(blue: Inside MPA, red: Outside MPA) and scaled according to mean ACI values. Vectors overlaid display 0.85 Pearson 
correlation for the species driving the difference in the assemblage composition.  
Table 3. Results table of PERMANOVA analysis on adjusted Bray-Curtis similarity assessing mobile benthic assemblage 230 
composition with Year and Treatment as fixed interactions, area as a random interaction nested within treatment and ACI as 231 
a covariate. (Bold p values denotes significance, *: p<0.05, **: p<0.01, ***: p<0.001). 232 
 Assemblage Composition 
Source df MS Pseudo-F p 
ACI 1 4003.3 2.0845 0.0457* 
Year 4 9011.3 3.4253 0.0001*** 
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Treatment 1 29580 3.652 0.0003*** 
Area(Treatment) 7 8302.8 8.974 0.0001*** 
ACI x Year 4 2167.7 1.5326 0.0607 
ACI x Treatment 1 2296.2 2.4819 0.0177* 
Year x Treatment 4 1883.9 1.1026 0.3666 
ACI x Area(Treatment) 7 1338.7 1.4469 0.0328* 
Year x Area(Treatment) 23 1419.6 1.5344 0.0001*** 
ACI x Year x Treatment 2 1635.9 1.7682 0.0482* 
Residuals 123 925.2   
4. Discussion 233 
After high storm activity impacted the coastal systems of Lyme Bay and beyond (Masselink et al., 234 
2016), acoustic and BRUV monitoring was implemented. It was hypothesised that the Acoustic 235 
Complexity Index would increase over time as the biodiversity of the area increased. Furthermore, the 236 
ACI was expected to be greater inside the protected area in comparison to the surrounding fished 237 
areas. Finally it was hypothesised that the ACI would change in a similar pattern to that of the mobile 238 
benthic assemblage composition recorded by BRUV systems.  239 
4.1 Visual Biodiversity and Acoustic Indices 240 
The Acoustic Complexity Index, as a covariate, showed a greater number of significant interactions 241 
alongside treatment and year with Number of Species than Shannon’s Diversity (Fig. 4 & 6; Table 2). 242 
This relationship between ACI and Number of Species implies that the ACI is less affected by 243 
abundance and more by the number of species present. This is to be expected as the ACI was 244 
developed under the theory that many differing biological noises in an environment imply many 245 
different species (Pieretti et al., 2011). Yet, when studying fish vocal communities specifically, the 246 
ACI shows little discrimination between the abundance and the diversity of sound (Bolgan et al., 247 
2018). Thus, the features that the ACI is enumerating from the marine soundscape may not, as 248 
hypothesised, correspond directly to the species detected by the BRUVs represented in the 249 
biodiversity indices tested. This may explain the yearly correlations between ACI and Number of 250 
Species, which changed orientation (between positive and negative), while also displaying small 251 
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effect sizes throughout the study. This complete reversal, at times, could be misleading if studies 252 
using this method do not cover an appropriate temporal scale. This inconsistency may be the result of 253 
abiotic or anthropogenic noises (McWilliam and Hawkins, 2013), or specific species and behaviours 254 
dominating the soundscape, meaning the presence of specific species in the acoustically sampled area, 255 
but not recorded by the BRUVs, could be driving this inconsistent pattern and therefore may preclude 256 
it from certain applications, such as directly replacing more traditional biodiversity monitoring 257 
methods.  258 
4.2 Shifting Benthic Composition 259 
There was a clear divergence of assemblage compositions, between inside and outside treatment areas 260 
moving further apart year on year (Fig. 7). However, without data on the ‘before fishing’ assemblage, 261 
it would be very difficult to suggest whether this separation is recovery of the ecosystem. Yet, 262 
Pearson’s correlations would suggest that the species most associated with the MPA are classed as 263 
reef dwelling species: Ctenolabrus rupestris remain in the same local area for several years, thus, 264 
maintaining their ‘territory’(Darwall et al., 1992). The Open Controls were dominated by the 265 
scavenging species Inachus spp. and Pagurus spp. (Fig. 7): both have broad habitat preferences 266 
although Inachus spp. is more likely to be found on mixed coarse substrata (Rowley, 2008).  267 
Although not significant, inside the MPA there was a higher Number of Species and Shannon’s 268 
Diversity (Fig. 3). Both indices increasing with treatment (Shannon’s Index) and year (Number of 269 
Species) show that the MPA in Lyme Bay acts as a refuge to allow biodiversity to increase (Fig. 4: 270 
Table 2). The assemblage composition does not interact with changing ACI alone, but is significant 271 
when aligned with year and treatment, which would be expected of a recovering system (Table 3). 272 
This would suggest that, although it did not correlate overall with visual biodiversity, the ACI is 273 
sensitive to some level of the non-background variation in the assemblage composition.  274 
4.3 Applications of the Acoustic Complexity Index 275 
Research into acoustic recordings is such a growing area due to its ability to provide information on 276 
local assemblage structure (Pijanowski et al., 2011; Sueur and Farina, 2015). Yet, as with most areas 277 
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of ecology, the transition from the terrestrial to the marine poses a new range of obstacles to 278 
overcome (Giorli, 2016; Radford et al., 2011; Ricci et al., 2017). Many different indices have been 279 
produced to quantify marine biological processes, such as Acoustic Richness, Acoustic Entropy Index 280 
and Acoustic Complexity Index (Gage and Axel, 2014; Lillis et al., 2014; McWilliam and Hawkins, 281 
2013; Staaterman et al., 2014). Their use as proxies for marine biodiversity has been assessed (Harris 282 
et al., 2016), with the Acoustic Complexity Index being the most favoured (Lindseth and Lobel, 2018) 283 
both alone and in combination with other acoustic indices (Gordon et al., 2018). 284 
The Acoustic Complexity Index has been shown to have a number of drawbacks (Kaplan et al., 2015; 285 
McWilliam and Hawkins, 2013). These drawbacks can arise from interference by the biophony, 286 
geophony or anthrophony.  For example, the ACI has shown to be increased heavily by snapping 287 
shrimp, which produce a high intensity broadband ‘snap’, meaning an increased ACI when diversity 288 
has only marginally increased (McWilliam and Hawkins, 2013). In contrast, chorusing behaviour can 289 
heavily decrease ACI (Kaplan et al., 2015). Hence, ACI in certain situations can be dominated by 290 
either few or many species, producing opposing changes in the ACI and the observed biodiversity. 291 
The assemblage composition outside of the MPA, in this case, was heavily dominated by hermit crabs 292 
of the genus Pagurus. It is possible that these large aggregations of Pagurus spp. (up to 70 in one 293 
video), which ‘rap’ on others’ shells for shell competition (Edmonds and Briffa, 2016), dominated the 294 
ACI in a similar way to snapping shrimps. Dominance of snapping shrimp in the marine soundscape 295 
affects most other acoustic indices, not just the ACI (Au and Banks, 1998; Lindseth and Lobel, 2018; 296 
Radford et al., 2008).Thus, this issue needs to be overcome for multiple different methods. The ACI 297 
can also be heavily influenced by geophony such as wind and rain (McWilliam and Hawkins, 2013). 298 
Although designed to minimise the influence of anthropogenic inputs, ACI will also be affected by 299 
any sounds which are not repetitive or consistent in intensity sounds, such as boat engines (Pieretti et 300 
al., 2011). Therefore, post sampling examination of the recordings was carried out here to minimise 301 
any sporadic dominant abiotic or anthropogenic interference, which would otherwise influence the 302 
ACI.    303 
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All recordings here were made during the day and, as such, potentially not at the highest acoustic 304 
activity times, which for most fish are dawn and dusk (Bertucci et al., 2017, 2016, 2015; Radford et 305 
al., 2014). Further investigation into this index should include diurnal recording strategies, while also 306 
taking into consideration the activity cycles based upon lunar phase (Harris et al., 2016; Staaterman et 307 
al., 2014).  As shown here, correlations between the ACI and other diversity measures can occur, but 308 
can vary considerably in their orientations over years. Thus, temporal scales which include lunar and 309 
daily cycles, should be used to assess these indices.  Although not possible here, the combination of 310 
multiple metrics together has been suggested to provide a more robust assessment of the marine 311 
soundscape (Gordon et al., 2018). However, the individual aspects of the soundscape which ACI 312 
quantifies need to be further understood before it can be appropriately combined with other metrics.  313 
The use of ACI in this MPA, off the south coast of the UK, has not shown the direct relationship with 314 
the observed ecology as demonstrated elsewhere (Harris et al., 2016; Picciulin et al., 2013), yet did 315 
show significant interactions across treatments and years. As the significant interactions were found 316 
under multivariate and not univariate analysis, it is likely that the ACI is quantifying other elements of 317 
the marine soundscape and not just the diversity of species (Bolgan et al., 2018; Kaplan et al., 2015; 318 
McWilliam and Hawkins, 2013). For this, or another, acoustic index to be used as a rapid and cost-319 
effective monitoring tool, the drawbacks mentioned here need to be addressed. Yet more importantly, 320 
the elements of the marine soundscape, which the ACI is quantifying, need to be better understood. 321 
Subsequently, thorough experimental assessments will be needed, with robust spatial and temporal 322 
coverage. This is essential, as based on a single year of this study (e.g. 2014 or 2018), ACI would 323 
have shown a positive correlation with Number of Species that has been found elsewhere. Again, this 324 
shows that temporal and geographical scales are important considerations for the development of any 325 
such index or method.   326 
4.4 Conclusions 327 
In conclusion, the Acoustic Complexity Index is not as yet ready to be used as a standalone marine 328 
diversity monitoring tool. In conjunction with other methods, such as BRUVs, which showed the 329 
recovery and increased diversity within the Lyme Bay MPA, this acoustic index shows potential to 330 
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allude to shifting benthic assemblage compositions. Yet this was not seen with consistency when used 331 
alongside univariate measures of diversity. This implies that although it is not without its own 332 
disadvantages, the ACI is demonstrating more complex changes than overall univariate diversity. This 333 
potential as a tool for rapidly assessing a large area of the marine environment makes it highly 334 
attractive. However, for it to be used as a monitoring tool, the information it provides regarding 335 
shifting assemblage compositions and diversity needs to be fully researched and understood. 336 
Acknowledgements 337 
To carry out fieldwork thanks are given to Lyme Bay Fishers John Walker, Robert King and Keiran 338 
Perree and University of Plymouth staff and student volunteers especially Amy Cartwright for her 339 
fieldwork support and logistics. Also, thank you to Marti Anderson for advice regarding statistical 340 
analysis. Funding: This work was supported by Natural England and The European Commission 341 
[EMFF RETURN ENG1388]. 342 
Authors’ Contributions 343 
EVS and MJA conceived the ideas and monitoring design; MJW provided technical advice regarding 344 
acoustic analytical methods; EVS, LH, AR and BFRD collected data; BFRD and LH organized and 345 
analysed data; BFRD, EVS and LH led the writing of the manuscript. All authors contributed 346 
critically to drafts and gave final approval for publication.   347 
References: 348 
Anderson, M.J., 2001. A new method for non-parametric multivariate analysis of variance. Austral 349 
Ecol. 26, 32–46. https://doi.org/10.1046/j.1442-9993.2001.01070.x 350 
Anderson, M.J., Gorley, R.N., Clarke, K.R., 2008. PERMANOVA+ for PRIMER: Guide to Software and 351 
Statistical Methods. 352 
Anderson, M.J., Millar, R.B., 2004. Spatial variation and effects of habitat on temperate reef fish 353 
assemblages in northeastern New Zealand. J. Exp. Mar. Bio. Ecol. 354 
21 | P a g e  
 
https://doi.org/10.1016/j.jembe.2003.12.011 355 
Anderson, M.J., ter Braak, C.J.F., 2002. Permutation tests for multi-factorial analysis of variance. J. 356 
Stat. Comput. Simul. 73, 85–113. 357 
Au, W.W.L., Banks, K., 1998. The acoustics of the snapping shrimp Synalpheus parneomeris in 358 
Kaneohe Bay. J. Acoust. Soc. Am. 103, 41. https://doi.org/10.1121/1.423234 359 
Babcock, R.C., Kelly, S., Shears, N.T., Walker, J.W., Willis, T.J., 1999. Changes in community structure 360 
in temperate marine reserves. Mar. Ecol. Prog. Ser. 189, 125–134. 361 
Bernasconi, M., Nøttestad, L., Axelsen, B.E., Krakstad, J.-O., 2011. Acoustic observations of dusky 362 
dolphins Lagenorhynchus obscurus hunting Cape horse mackerel Trachurus capensis off 363 
Namibia. Mar. Ecol. Prog. Ser. 429, 209–218. https://doi.org/10.3354/meps09071 364 
Bertucci, F., Parmentier, E., Berten, L., Brooker, R.M., Lecchini, D., 2015. Temporal and Spatial 365 
Comparisons of Underwater Sound Signatures of Different Reef Habitats in Moorea Island, 366 
French Polynesia. PLoS One 10, e0135733. https://doi.org/10.1371/journal.pone.0135733 367 
Bertucci, F., Parmentier, E., Berthe, C., Besson, M., Hawkins, A.D., Aubin, T., Lecchini, D., 2017. 368 
Snapshot recordings provide a first description of the acoustic signatures of deeper habitats 369 
adjacent to coral reefs of Moorea. PeerJ 5, e4019. https://doi.org/10.7717/peerj.4019 370 
Bertucci, F., Parmentier, E., Lecellier, G., Hawkins, A.D., Lecchini, D., 2016. Acoustic indices provide 371 
information on the status of coral reefs: An example from Moorea Island in the South Pacific. 372 
Sci. Rep. 6, 1–9. https://doi.org/10.1038/srep33326 373 
Bicknell, A.W.J., Sheehan, E. V., Godley, B.J., Doherty, P.D., Witt, M.J., 2019. Assessing the impact of 374 
introduced infrastructure at sea with cameras: A case study for spatial scale, time and 375 
statistical power. Mar. Environ. Res. 147, 126–137. 376 
https://doi.org/10.1016/j.marenvres.2019.04.007 377 
22 | P a g e  
 
Bolgan, M., Amorim, M.C.P., Fonseca, P.J., Iorio, L. Di, Parmentier, E., 2018. Acoustic Complexity of 378 
vocal fish communities: a field and controlled validation. Sci. Rep. 8, 10559. 379 
https://doi.org/10.1038/s41598-018-28771-6 380 
Cappo, M., Speare, P., De’ath, G., 2004. Comparison of baited remote underwater video stations 381 
(BRUVS) and prawn (shrimp) trawls for assessments of fish biodiversity in inter-reefal areas of 382 
the Great Barrier Reef Marine Park. J. Exp. Mar. Bio. Ecol. 302, 123–152. 383 
https://doi.org/10.1016/j.jembe.2003.10.006 384 
Casaretto, L., Picciulin, M., Olsen, K., Hawkins, A.D., 2014. Locating spawning haddock 385 
(Melanogrammus aeglefinus, Linnaeus, 1758) at sea by means of sound. Fish. Res. 154, 127–386 
134. https://doi.org/10.1016/j.fishres.2014.02.010 387 
Clarke, K.R., Gorley, R.N., 2015. PRIMER v7: User Manual/Tutorial. 388 
Clarke, K.R., Warwick, R.M., 2001. A further biodiversity index applicable to species lists: Variation in 389 
taxonomic distinctness. Mar. Ecol. Prog. Ser. 216, 265–278. 390 
https://doi.org/10.3354/meps216265 391 
Claudet, J., Osenberg, C.W., Benedetti-Cecchi, L., Domenici, P., García-Charton, J.A., Pérez-Ruzafa, Á., 392 
Badalamenti, F., Bayle-Sempere, J.T., Brito, A., Bulleri, F., Culioli, J.M., Dimech, M., Falcón, J.M., 393 
Guala, I., Milazzo, M., Sánchez-Meca, J., Somerfield, P.J., Stobart, B., Vandeperre, F., Valle, C., 394 
Planes, S., 2008. Marine reserves: Size and age do matter. Ecol. Lett. 11, 481–489. 395 
https://doi.org/10.1111/j.1461-0248.2008.01166.x 396 
Darwall, W.R.T., Costello, M.J., Donnelly, R., Lysaght, S., 1992. Implications of life-history strategies 397 
for a new wrasse fishery. J. Fish Biol. 41, 111–123. https://doi.org/10.1111/j.1095-398 
8649.1992.tb03873.x 399 
De-La-Ossa-Carretero, J.A., Del-Pilar-Ruso, Y., Giménez-Casalduero, F., Sánchez-Lizaso, J.L., Dauvin, 400 
J.C., 2012. Sensitivity of amphipods to sewage pollution. Estuar. Coast. Shelf Sci. 96, 129–138. 401 
23 | P a g e  
 
https://doi.org/10.1016/j.ecss.2011.10.020 402 
de Jong, K., Amorim, M.C.P., Fonseca, P.J., Fox, C.J., Heubel, K.U., 2018. Noise can affect acoustic 403 
communication and subsequent spawning success in fish. Environ. Pollut. 237, 814–823. 404 
https://doi.org/10.1016/j.envpol.2017.11.003 405 
Diamant, A., Tuvia, A. Ben, Baranes, A., Golani, D., 1986. An analysis of rocky coastal eastern 406 
Mediterranean fish assemblages and a comparison with an adjacent small artificial reef. J. Exp. 407 
Mar. Bio. Ecol. 97, 269–285. https://doi.org/10.1016/0022-0981(86)90245-5 408 
Edmonds, E., Briffa, M., 2016. Animal behaviour Weak rappers rock more: hermit crabs assess their 409 
own agonistic behaviour. Biol. Lett. 12, 20150884. https://doi.org/10.1098/rsbl.2015.0884 410 
Farina, A., Pieretti, N., 2014. Sonic environment and vegetation structure: A methodological 411 
approach for a soundscape analysis of a Mediterranean maqui. Ecol. Inform. 412 
https://doi.org/10.1016/j.ecoinf.2013.10.008 413 
Francour, P., 1994. Pluriannual analysis of the reserve effect on ichthyofauna in the Scandola natural 414 
reserve ( Corsica , Northwestem Mediterranean ). Oceanol. Acta 17, 309–317. 415 
Gage, S.H., Axel, A.C., 2014. Visualization of temporal change in soundscape power of a Michigan 416 
lake habitat over a 4-year period. Ecol. Inform. 21, 100–109. 417 
https://doi.org/10.1016/j.ecoinf.2013.11.004 418 
Giorli, G., 2016. Temporal and spatial variation of beaked and sperm whales foraging activity in 419 
Hawai’i, as determined with passive acoustics. J. Acoust. Soc. Am. 140, 2333. 420 
https://doi.org/10.1121/1.4964105 421 
Giorli, G., Neuheimer, A., Copeland, A., Au, W.W.L., 2016. Temporal and spatial variation of beaked 422 
and sperm whales foraging activity in Hawai’i, as determined with passive acoustics. J. Acoust. 423 
Soc. Am. 140, 2333–2343. https://doi.org/10.1121/1.4964105 424 
24 | P a g e  
 
Gordon, T.A.C., Harding, H.R., Wong, K.E., Merchant, N.D., Meekan, M.G., Mccormick, M.I., Radford, 425 
A.N., Simpson, S.D., 2018. Habitat degradation negatively affects auditory settlement behavior 426 
of coral reef fishes. Proc. Natl. Acad. Sci. 427 
Harris, S.A., Shears, N.T., Radford, C.A., 2016. Ecoacoustic indices as proxies for biodiversity on 428 
temperate reefs. Methods Ecol. Evol. 7, 713–724. https://doi.org/10.1111/2041-210X.12527 429 
Hawkins, A.D., Amorim, M.C.P., 2000. Spawning Sounds of the Male Haddock, Melanogrammus 430 
aeglefinus. Environ. Biol. Fishes 59, 29–41. 431 
Heagney, E.C., Lynch, T.P., Babcock, R.C., Suthers, I.M., 2007. Pelagic fish assemblages assessed using 432 
mid-water baited video: standardising fish counts using bait plume size. Mar. Ecol. Prog. Ser. 433 
350, 255–266. https://doi.org/10.3354/meps07193 434 
Hiscock, K., Breckels, M., 2007. Marine Biodiversity Hotspots in the UK A report identifiying and 435 
protecting areas for marine biodiversity Marine Biodiversity Hotspots in the UK: their 436 
identification and protection. WWF. 437 
Kaplan, M.B., Mooney, T.A., Partan, J., Solow, A.R., 2015. Coral reef species assemblages are 438 
associated with ambient soundscapes. Mar. Ecol. Prog. Ser. 533, 93–107. 439 
https://doi.org/10.3354/meps11382 440 
Leonard, D.R.P., Clarke, K.R., Somerfield, P.J., Warwick, R.M., 2006. The application of an indicator 441 
based on taxonomic distinctness for UK marine biodiversity assessments. J. Environ. Manage. 442 
78, 52–62. https://doi.org/10.1016/j.jenvman.2005.04.008 443 
Ligges, U., Krey, S., Mersmann, O., Schnackenberg, S., 2016. tuneR: Analysis of music. URL:http://r-444 
forge.r-project.org/projects/tuner/. 445 
Lillis, A., Eggleston, D.B., Bohnenstiehl, D.R., 2014. Estuarine soundscapes: distinct acoustic 446 
characteristics of oyster reefs compared to soft-bottom habitats. Mar. Ecol. Prog. Ser. 505, 1–447 
17. https://doi.org/10.3354/meps10805 448 
25 | P a g e  
 
Lindseth, A., Lobel, P., 2018. Underwater Soundscape Monitoring and Fish Bioacoustics: A Review. 449 
Fishes 3, 36. https://doi.org/10.3390/fishes3030036 450 
Lipej, L., Bonaca, M.O., Sea, A., 2003. Coastal Fish Diversity in Three Marine Protected Areas and One 451 
Unprotected Area in the Gulf of Trieste (Northern Adriatic). Mar. Ecol. 24, 259–273. 452 
Masselink, G., Scott, T., Poate, T., Russell, P., Davidson, M., Conley, D., 2016. The extreme 2013/2014 453 
winter storms: Hydrodynamic forcing and coastal response along the southwest coast of 454 
England. Earth Surf. Process. Landforms 41, 378–391. https://doi.org/10.1002/esp.3836 455 
McWilliam, J.N., Hawkins, A.D., 2013. A comparison of inshore marine soundscapes. J. Exp. Mar. Bio. 456 
Ecol. 446, 166–176. 457 
Merchant, N.D., Fristrup, K.M., Johnson, M.P., Tyack, P.L., Witt, M.J., Blondel, P., Parks, S.E., 2015. 458 
Measuring acoustic habitats. Methods Ecol. Evol. 6, 257–265. https://doi.org/10.1111/2041-459 
210X.12330 460 
Meyer, E., Clapp, M., McKenna, M.F., Crooks, K.R., Buxton, R.T., Angeloni, L.M., Stabenau, E., 461 
Wittemyer, G., 2018. Efficacy of extracting indices from large-scale acoustic recordings to 462 
monitor biodiversity. Conserv. Biol. 32, 1174–1184. https://doi.org/10.1111/cobi.13119 463 
Miralles, L., Ardura, A., Arias, A., Borrell, Y.J., Clusa, L., Dopico, E., de Rojas, A.H., Lopez, B., Muñoz-464 
Colmenero, M., Roca, A., Valiente, A.G., Zaiko, A., Garcia-Vazquez, E., 2016. Barcodes of marine 465 
invertebrates from north Iberian ports: Native diversity and resistance to biological invasions. 466 
Mar. Pollut. Bull. 112, 183–188. https://doi.org/10.1016/j.marpolbul.2016.08.022 467 
Nedelec, S.L., Simpson, S.D., Holderied, M.W., Radford, A.N., Lecellier, G., Radford, C.A., Lecchini, D., 468 
2015. Soundscapes and living communities in coral reefs: temporal and spatial variation. Mar. 469 
Ecol. Prog. Ser. 524, 125–135. https://doi.org/10.3354/meps11175 470 
Picciulin, M., Bolgan, M., Codarin, A., Fiorin, R., Zucchetta, M., Malavasi, S., 2013. Passive acoustic 471 
monitoring of Sciaena umbra on rocky habitats in the Venetian littoral zone. Fish. Res. 145, 76–472 
26 | P a g e  
 
81. https://doi.org/10.1016/j.fishres.2013.02.008 473 
Pieretti, N., Duarte, M.H.L., Sousa-Lima, R.S., Rodrigues, M., Farina, A., 2015. Determining temporal 474 
sampling schemes for passive acoustic studies in different tropical ecosystems. Trop. Conserv. 475 
Sci. 88, 215–234. 476 
Pieretti, N., Farina, A., 2013. Application of a recently introduced index for acoustic complexity to an 477 
avian soundscape with traffic noise. J. Acoust. Soc. Am. 134, 891–900. 478 
https://doi.org/10.1121/1.4807812 479 
Pieretti, N., Farina, A., Morri, D., 2011. A new methodology to infer the singing activity of an avian 480 
community: The Acoustic Complexity Index (ACI). Ecol. Indic. 11, 868–873. 481 
https://doi.org/10.1016/j.ecolind.2010.11.005 482 
Pieretti, N., Lo Martire, M., Farina, A., Danovaro, R., 2017. Marine soundscape as an additional 483 
biodiversity monitoring tool: A case study from the Adriatic Sea (Mediterranean Sea). Ecol. 484 
Indic. 83, 13–20. https://doi.org/10.1016/j.ecolind.2017.07.011 485 
Pijanowski, B.C., Villanueva-Rivera, L.J., Dumyahn, S.L., Farina, A., Krause, B.L., Napoletano, B.M., 486 
Gage, S.H., Pieretti, N., 2011. Soundscape Ecology: The Science of Sound in the Landscape. 487 
Bioscience 61. 488 
Radford, A.N., Kerridge, E., Simpson, S.D., 2014. Behavioral Ecology Acoustic communication in a 489 
noisy world: can fish compete with anthropogenic noise? Behav. Ecol. 25, 1022–1030. 490 
https://doi.org/10.1093/beheco/aru029 491 
Radford, C.A., Jevs, A.G., Tindle, C.T., Montgomery, J.C., 2008. Temporal patterns in ambient noise of 492 
biological origin from a shallow water temperate reef. Oecologia 156, 921–929. 493 
https://doi.org/10.1007/s00442-008-1041-y 494 
Radford, C.A., Stanley, J.A., Simpson, S.D., Jeffs, A.G., 2011. Juvenile coral reef fish use sound to 495 
locate habitats. Coral Reefs 30, 295–305. 496 
27 | P a g e  
 
Ricci, S.W., Eggleston, D.B., Bohnenstiehl, D.R., 2017. Use of passive acoustic monitoring to 497 
characterize fish spawning behavior and habitat use within a complex mosaic of estuarine 498 
habitats. Bull. Mar. Sci. 93, 439–453. https://doi.org/10.5343/bms.2016.1037 499 
Rivers, J.A., 1997. Blue whale, Balaenoptera musculus, vocalizations from the waters off central 500 
California, Marine Mammal Science. 501 
Rombouts, I., Simon, N., Aubert, A., Cariou, T., Feunteun, E., Guérin, L., Hoebeke, M., McQuatters-502 
Gollop, A., Rigaut-Jalabert, F., Artigas, L.F., 2019. Changes in marine phytoplankton diversity: 503 
Assessment under the Marine Strategy Framework Directive. Ecol. Indic. 102, 265–277. 504 
https://doi.org/10.1016/j.ecolind.2019.02.009 505 
Rowley, S.J., 2008. Inachus phalangium Leach’s spider crab. [WWW Document]. Mar. Life Inf. Netw. 506 
Biol. Sensit. Key Inf. Rev. 507 
Samaran, F., Stafford, K.M., Branch, T.A., Gedamke, J., Royer, J.-Y., Dziak, R.P., Guinet, C., 2013. 508 
Seasonal and Geographic Variation of Southern Blue Whale Subspecies in the Indian Ocean. 509 
PLoS One 8. https://doi.org/10.1371/journal.pone.0071561 510 
Sheehan, E. V., Cousens, S.L., Nancollas, S.J., Stauss, C., Royle, J., Attrill, M.J., 2013a. Drawing lines at 511 
the sand: Evidence for functional vs. visual reef boundaries in temperate Marine Protected 512 
Areas. Mar. Pollut. Bull. 76, 194–202. https://doi.org/10.1016/j.marpolbul.2013.09.004 513 
Sheehan, E. V., Stevens, T.F., Attrill, M.J., 2010. A Quantitative, Non-Destructive Methodology for 514 
Habitat Characterisation and Benthic Monitoring at Offshore Renewable Energy Developments. 515 
PLoS One 5. https://doi.org/10.1371/journal.pone.0014461 516 
Sheehan, E. V., Stevens, T.F., Gall, S.C., Cousens, S.L., Attrill, M.J., Fulton, C.J., 2013b. Recovery of a 517 
Temperate Reef Assemblage in a Marine Protected Area following the Exclusion of Towed 518 
Demersal Fishing. PLoS One 8, e83883. https://doi.org/10.1371/journal.pone.0083883 519 
Staaterman, E., Ogburn, M.B., Altieri, A.H., Brandl, S.J., Whippo, R., Seemann, J., Goodison, M., Duffy, 520 
28 | P a g e  
 
J.E., 2017. Bioacoustic measurements complement visual biodiversity surveys: preliminary 521 
evidence from four shallow marine habitats. Mar. Ecol. Prog. Ser. 575, 207–215. 522 
https://doi.org/10.3354/meps12188 523 
Staaterman, E., Paris, C.B., DeFerrari, H.A., Mann, D.A., Rice, A.N., D’Alessandro, E.K., 2014. Celestial 524 
patterns in marine soundscapes. Mar. Ecol. Prog. Ser. 508, 17–32. 525 
https://doi.org/10.3354/meps10911 526 
Stevens, T.F., Sheehan, E. V., Gall, S.C., Fowell, S.C., Attrill, M.J., 2014. Monitoring benthic 527 
biodiversity restoration in Lyme Bay marine protected area: Design, sampling and analysis. 528 
Mar. Policy 45, 310–317. https://doi.org/10.1016/j.marpol.2013.09.006 529 
Sueur, J., Aubin, T., Simonis, C., 2008a. SEEWAVE, A FREE MODULAR TOOL FOR SOUND ANALYSIS 530 
AND SYNTHESIS EQUIPMENT. Bioacoustics 18, 213–226. 531 
https://doi.org/10.1080/09524622.2008.9753600 532 
Sueur, J., Farina, A., 2015. Ecoacoustics: the Ecological Investigation and Interpretation of 533 
Environmental Sound. Biosemiotics 8, 493–502. https://doi.org/10.1007/s12304-015-9248-x 534 
Sueur, J., Pavoine, S., Hamerlynck, O., Duvail, S., 2008b. Rapid acoustic survey for biodiversity 535 
appraisal. PLoS One 3. https://doi.org/10.1371/journal.pone.0004065 536 
Trenkel, V.M., Ressler, P.H., Jech, M., Giannoulaki, M., Taylor, C., 2011. Underwater acoustics for 537 
ecosystem-based management: state of the science and proposals for ecosystem indicators. 538 
Mar. Ecol. Prog. Ser. 442, 285–301. https://doi.org/10.3354/meps09425 539 
Vermeij, M.J.A., Marhaver, K.L., Huijbers, C.M., Nagelkerken, I., Simpson, S.D., 2010. Coral Larvae 540 
Move toward Reef Sounds. PLoS One 5, e10660. https://doi.org/10.1371/ 541 
Wabnitz, C.C.C., Lam, V.W.Y., Reygondeau, G., Teh, L.C.L., Al-Abdulrazzak, D., Khalfallah, M., Pauly, 542 
D., Deng Palomares, M.L., Zeller, D.C., Cheung, W.W.L., 2018. Climate change impacts on 543 
marine biodiversity, fisheries and society in the Arabian Gulf. PLoS One 13, 1–26. 544 
29 | P a g e  
 
https://doi.org/10.1371/journal.pone.0194537 545 
Worm, B., Barbier, E.B., Beaumont, N., Duffy, J.E., Folke, C., Halpern, B.S., Jackson, J.B.C., Lotze, H.K., 546 
Micheli, F., Palumbi, S.R., Sala, E., Selkoe, K.A., Stachowicz, J.J., Watson, R., 2006. Impacts of 547 
Biodiversity Loss on Ocean Ecosystem Services. Science (80-. ). 314, 787–790. 548 
 549 
